Vibrio anguillarum strain 775 harbouring the virulence plasmid pJM 1 produces a plasmidmediated siderophore that can crossfeed siderophore-deficient, receptor-proficient mutants of V. anguillarum in vitro. Experimental infections of salmonid fishes with mixtures consisting of the wild-type strain and a siderophore-deficient, receptor-proficient mutant resulted in recovery of both the wild-type and the mutant strain, while in infections with mixtures consisting of the wild-type strain and a siderophore-deficient, receptor-deficient mutant only the wild-type strain could be recovered. These results suggest that the V. anguillarum plasmid-mediated siderophore is produced in vivo in a diffusible form and that it is an important factor of virulence.
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I N T R O D U C T I O N
The availability of iron for growth has been implicated as an important virulence factor in a number of systems (Griffiths, 1983; Crosa, 1984) . Bacteria capable of causing disseminated infections frequently produce siderophores which are capable of binding iron with very high affinity and delivering this iron to the bacterium to satisfy its nutritional needs. However, there have been very few studies showing that a siderophore is actually produced in the animal host and thereby may influence the outcome of an infection (Griffiths & Humphreys, 1980) . Therefore, we have chosen to study this phenomenon in experimental Vibrio anguillarurn infections in fish.
V. anguillarum causes a terminal haemorrhagic septicaemia in salmonid fishes (Harbell et al., 1979; Ransom et al., 1984) , and many isolates possess a plasmid-mediated iron uptake system that correlates strongly with virulence (Crosa, 1980; Crosa et al., 1980) . Strains containing the 65 kb plasmid pJMl are able to grow in iron-limited media containing a variety of iron chelators, but strains cured of the plasmid cannot grow under such iron-limited conditions and are no longer virulent (Crosa, 1980) . During growth in iron-limited media a system is induced in V . anguillarurn strain 775 which results in the energy-dependent uptake of iron by cells (Crosa & Hodges, 198 1) . This system includes a water-soluble siderophore which accumulates in the culture medium and an 86 kDa outer-membrane protein which is a likely candidate as a receptor for the ferric-siderophore complex Tolmasky et al., 1985) . This protein is absent in derivatives which cannot grow in media even when supplied with the siderophore activity from wild-type cells. Two mutants with this phenotype have been obtained by transpositional mutagenesis (Walter et al., 1983) . V . anguillarurn 775 : : Tnl-5 containing pJHC-91 can grow in vitro in iron-limited media only if supernatant from strains containing the wildtype plasmid is supplied. Hence strains containing pJHC-91 are able to transport and incorporate iron from the siderophore but are not able to express siderophore activity. V. anguillarurn 775 : : Tnl-6 containing pJHC9-8 lacks the ability to synthesize active siderophore The experiments presented here were done to determine whether a diffusible siderophore activity occurs in vivo similar to that measured in vitro. There have been no direct data demonstrating that this siderophore activity occurs in the host. To study this question the mutants were injected into fish together with wild-type bacteria and their fate was determined.
METHODS
Juvenile coho salmon (Oncorhynchus kisutch) weighing 3-5 g or rainbow trout (Salmo gairdneri) weighing 10-15 g were infected as described previously (Crosa & Hodges, 1981 ) by injecting 0.1 ml of various dilutions and mixed dilutions of bacterial cultures subcutaneously into the posterior base of the dorsal fins. The bacteria used for infection were grown overnight at 22 "C in minimal medium [0.4% glucose, 0.2% Casamino acids, M9 salts (Miller, 1972 , but with 85.6 m~-NaCl)] and diluted in M9 salts. Colony-forming units were determined by plating from these dilutions onto trypticase soy agar (BBL) containing 1 % NaCl (TSA/NaCl). Five fish were injected for each dilution. The number of bacteria injected is stated in Tables 1 and 2 . After infection, fish were maintained at 12°C and checked daily for mortalities. Bacteria were plated directly from blood of moribund fish, or from kidneys of fish stored at -20 "C, onto TSA/NaCl plates. All surviving fish were killed on the 25th day. Plates were incubated overnight at 30 "C and inspected for pure cultures of V. anguillarum. Isolated colonies (100-200 for each sample) were picked to TSA/NaCl and TSA/NaCI containing 1 mg ampicillin ml-*. T n l contains genes for resistance to ampicillin so that only strains 775 : : Tnl-5 and 775 : : Tnl-6 containing the mutant plasmids could grow on plates supplemented with high levels of ampicillin. In this way the survival and fate of the mutant bacteria were followed in the fish in the presence of wild-type bacteria. The numbers of bacteria recovered per g tissue or per ml blood are shown in Tables 1 and 2 .
RESULTS A N D DISCUSSION
The data in Table 1 , for coho salmon, demonstrate clearly that V . anguillarum strain 775 containing the wild-type plasmid pJMl supplied a factor which allowed the growth in vivo of strain 775 : : Tnl-5, containing mutant plasmid pJHC-91, but not the growth of strain 775 : : Tnl-6, containing mutant plasmid pJHC9-8. This shows that strain 775 produced siderophore activity in the fish which was available to provide iron to V. anguillarum cells expressing a functional iron-siderophore uptake system. The mutant lacking the ability to take up this siderophore cannot grow in the fish in the presence of the strain containing pJMl because it cannot obtain iron. These data show that the siderophore activity mediated by pJMl is induced in the fish and available to other bacteria.
The proportion of bacteria containing pJMl and pJHC-91 from moribund fish varied from fish to fish. For the extreme example, in a blood sample from one fish, the proportion of strain 775 to 775 : : Tnl-5 was 1 to 100, showing that in vivo one organism of strain 775 provided enough siderophore to allow growth of 99 bacteria lacking the ability to produce siderophore. This argues strongly that strain 775 produces a diffusible siderophore as opposed to a siderophore bound to the surface of the cell, which would only be available to the producer organism. Although the proportion of bacteria recovered varied from fish to fish, there was much less variation between the two sample sites in one fish. The percentages of strain 775 : : Tnl-5 in kidney and blood from four fish injected with a 98 : 2 mixture of strains 775 : : Tnl-5 and 775 were 36 and 27, 18 and 12, 8 and 1 1, and 4 and 20, respectively. This indicates that the variation in proportion of bacteria from fish to fish was not from an inconsistency in the sampling technique and that the bacteria were similarly distributed in these organs rather than sequestered in one site. Furthermore, it is obvious from the numbers of bacteria recovered that there was actually growth of the strains rather than mere survival in kidney or in blood.
A similar experiment was done with juvenile rainbow trout, except that bacteria were recovered only from kidneys and fish were killed on the eighth day (Table 2) . Results were similar to those from the experiment with coho salmon: only the wild-type V . anguillarum 775 containing pJMl was recovered from fish injected with a mixture of this strain and strain 775 : : Tnl-6, whereas fish injected with a mixture of strains 775 and 775 : : Tnl-5 yielded both Table I . :Tnl-5, Sid-Upt+Apr; 775 : :Tnl-6, Sid-Upt-Ap' (Sid, siderophore activity; Upt, siderophore-$ mediated uptake and utilization). Not applicable; n, sample size; numbers in parentheses are ranges. mutant and wild-type bacteria. The mutant strain 775 : : Tnl-5 accounted for at least 90% of the bacteria in all fish into which it was injected, again showing that the wild-type strain produced enough siderophore in uivo to provide iron for growth of high numbers of the mutant strain. Again, the number of bacteria recovered showed an increase of several orders of magnitude over the number injected, demonstrating that growth had occurred in the fish tissue.
2.
These data provide strong evidence for cell-free siderophore activity in fish infected with V . anguillarum. The level of siderophore in blood or kidney could not be determined; however it was sufficient to provide iron for considerable growth of the strain lacking the ability to produce siderophore. Therefore, the system of iron acquisition in V. anguillarum is substantially different from that in Neisseria meningitidis as reported by Simonson et a f . (1982) , but probably similar to the systems mediated by enterobactin or aerobactin (Crosa, 1984) . These data are in agreement with a general model for in vivo siderophore production and utilization in which the siderophore is released from the cell, encounters ferric iron bound to transferrin, forms a ferric-siderophore complex, and is utilized by any uptake-proficient bacterium after chance contact with the receptor. Elucidation of the structure of the V . anguillarum siderophore, the mechanism of its release from the bacterial cell, its uptake as ferric-siderophore and the mode of release of ferric iron for anabolism awaits further study.
